Introduction
Understanding laminar-turbulent transition in hypersonic boundary layers is crucial for designing safe and efficient high-speed flight vehicles. The effects of pressure gradients, in particular, adverse pressure gradients on hypersonic boundary layer transition is of major concern, since realistic flight vehicles typically incorporate regions of adverse pressure gradient. Several experimental efforts have focused on the effect of pressure gradient (both favourable and adverse) on the length of the transition zone. Although an earlier onset of transition was promoted by the adverse pressure gradient for the flared cone geometries, the measurements of the transition zone length have been inconclusive. For straight cones, the boundary layer thickness is steadily increasing, and therefore the wavelength of the most amplified frequency is constantly increasing as well. Compression (flared) cones can be designed so that the boundary layer has a roughly constant thickness, which enables one frequency (or a narrow band of frequencies) to remain more highly amplified over most of the length of the cone. This difference between the flared and straight cones results in higher N-Factors for flared cones. For this reason flared cones are also being used for transition research when the later nonlinear stages of the transition process are of interest.
The objective of our research is to provide answers to the question if and how the cone flare alters the nonlinear regime of transition, and in particular also the down-stream extent of the transition region. In order to achieve this objective, we investigated laminar-turbulent transition for the flared cone investigated experimentally by Schneider and co-workers in the Mach 6 quiet tunnel at Purdue University 1,2 . In the final paper particular focus will be on understanding second-mode fundamental breakdown. These investigations are carried out using Direct Numerical Simulations (DNS). The governing equations for the high-order accurate transition simulations are the compressible NavierStokes equations in conservative variable formulation in generalized cylindrical coordinates 3 . The equations are integrated in time with a standard 4th-order accurate Runge-Kutta method. The spatial discretization in the downstream and wall-normal directions is based on high-order accurate finite differences. In particular, the derivatives of the viscous terms and the source term are calculated by 6th-order central differences in the downstream direction and up to 8th-order central differences in wallnormal direction. The inviscid fluxes are divided into an upwind flux and a downwind flux using van Leer's splitting. Then grid centered upwind differences with 9th-order accuracy are applied to evaluate the derivatives for these fluxes.
Equations, Numerical Methods and Flow Conditions
The flow parameters chosen for the DNS are those of the experiments by Schneider and co-workers 1,2 in the Boeing/AFOSR Mach 6 quiet-flow Ludwieg Tube at Purdue University. The flared cone geometry used in the present investigation is also the same as in the Purdue experiments (see figure 1 ). It has a radius of curvature of 3 m, a nose radius of 0.16 mm, an opening angle of 1.5 degrees, and a length of 0.47 m.
Fundamental Breakdown
Fundamental resonance (or Klebanoff/K-type breakdown) is initiated by a secondary instability mechanism governed by a high-amplitude two-dimensional or axisymmetric wave (the primary wave), and a pair of secondary lower-amplitude oblique waves with opposite wave angles but the same frequency as the primary wave. In fundamental breakdown, the primary wave is responsible for phase locking the oblique waves and thus enabling a transfer of energy to the secondary waves. This energy transfer causes a rapid amplification of the secondary waves. The nonlinear interactions result in a broadening of the disturbance spectrum and eventually a breakdown to turbulence, which is characterized by  vortices aligned in the streamwise direction. High-resolution fundamental breakdown simulations are performed using an azimuthal wave number k c = 90 (identified as the most strongly resonating case from a parameter study) for the secondary oblique waves. Figure 2 shows the spatial development of selected Fourier components of the maximum streamwise velocity disturbance that play an important role in the early nonlinear stage of the fundamental breakdown. When the axisymmetric primary wave (1,0) reaches a threshold amplitude, the secondary wave (1,1) and the steady longitudinal vortex (0,1) start to grow faster and eventually reach the same amplitude as the primary wave (1,0). Then all higher modes experience rapid streamwise growth and the transition process becomes strongly nonlinear. Note that in the strongly nonlinear region, the steady longitudinal vortex (0,1) has the highest amplitude. Instantaneous isosurfaces of the Q-vortex identification criterion are shown in figure 3 . In these plots flow structures that are typical for K-type breakdown were identified. The close up view in figure 3 shows the development of  shaped vortices. These  vortices appear in an aligned pattern due to the same frequencies of the primary axisymmetric wave and the secondary oblique wave. Eventually these structures breakdown to small scale structures as the flow starts to become turbulent.
Isocontours of the time averaged wall shear and wall-normal temperature gradient from the fundamental breakdown simulation are shown in figure 4. Streamwise aligned streaks can be observed for both wall shear and temperature gradient. These streaks are a consequence of the large amplitude steady longitudinal vortices. These streamwise streaks look similar to those observed in the Purdue experiments (see figure 5) . This may be an indication that fundamental resonance or K-type breakdown may have been present in the unforced "natural" transition experiments conducted at Purdue University 
Summary
Direct numerical simulations were performed to investigate the laminar-turbulent transition process for a flared cone at Mach 6. The simulations were carried out for the laboratory conditions of the hypersonic transition experiments conducted at Purdue University. The main objective of this research is to understand how the cone flare alters the nonlinear transition process. Towards this end, we explored the role of secondmode fundamental (K-type) breakdown. Results from the highly resolved fundamental breakdown simulations have been briefly discussed in this abstract. The results indicate that fundamental breakdown may indeed be a viable path to complete breakdown to turbulence in hypersonic boundary layers on flared cones. In the final paper, additional fundamental breakdown simulations that proceed deep into the turbulent breakdown region will be presented. In addition, the role of oblique breakdown and its viability for leading to a complete breakdown to turbulence will also be investigated and discussed.
